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In this work, tip end-plate is used to improve the noise performance of small axial fans. Both numerical simula- 
tions and experimental methods were adopted to study the fluid flow and noise level of axial fans. Four modified 
models and the prototype are simulated. Influences of tip end-plate on static characteristics, internal flow field 
and noise of small axial fans are analyzed. The results show that on basis of the prototype, the model with the tip 
end-plate of 2 mm width and changed length achieved best noise performance. The overall sound pressure level 
of the model with the tip end-plate of 2 mm width and changed length is 2.4 dB less than that of the prototype at 
the monitoring point in specified far field. It is found that the mechanism of noise reduction is due to the decrease 
of vorticity variation on the surface of blades caused by the tip end-plate. Compared with the prototype, the static 
pressure of the model with the tip end-plate of 2 mm width and changed length at design flow rate decreases by 2 
Pa and the efficiency decreases by 0.8%. It is concluded that the method of adding tip end-plate to impeller blades 


has a positive influence on reducing noise, but it may diminish the static characteristics of small axial fan to some 


extent. 


Keywords: tip end-plate, small axial flow fan, noise, static characteristics 


Introduction 


In the past two decades, many methods are proposed 
to control the noise of fan. All the methods can be cate- 
gorized into two approaches. One is active control me- 
thod, the other is passive control method. In active con- 
trol techniques, Koopmann et al. use optimally tuned 
quarter wavelength resonators to cancel blade tone of 
axial fan [1]. Lemire et al. use plasma actuation to reduce 
blade wakes of fan and compressor; it can reduce tonal 
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noise by this way [2]. Bianchi et al. make a creative re- 
view of passive may to reduce noise of industrial fans, 
which includes changing the amount of blades and the 
speed of rotor, modifying blade geometry, using nozzles 
and adding tip end-plate [3]. 

Fukukawa et al. analyze the three dimensional vortical 
flow structure by laser Doppler vibrometer (LDV) mea- 
surements and large eddy simulation (LES), and find that 
the large movement of tip vortex caused by its break 
down brings about the high-pressure fluctuation [4-5]. 
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Leakage in tip clearance area causes vortex leads to the 
unstable flow, which is the main source of noise for the 
small axial fan [6]. Leakage flow can be effectively con- 
trolled by adding tip end-plate, through that, the route of 
vortex moving is changed and aerodynamic noise is de- 
creased [7]. Corsini et al. study the influence of tip end- 
plate on internal flow characteristics and noise of axial 
fan using numerical simulation and experiment. They 
find that adding tip end-plate can effectively control the 
development of leakage vortex in direction of chordwise. 
So, it’s a good way to control noise through avoiding 
burst of vortex [8-10]. 

The object in this research is the small axial fan, on 
the basis of prototype fan, four different models are es- 
tablished by modifying tip of blades. Numerical simula- 
tion and experiments are performed to explore the influ- 
ence of tip end-plate on the static characteristics and the 
noise characteristics of small axial fan. 


Model construction and numerical simulation 


Establishment of fan models 

Small axial fan is chosen as the studying object. Fig- 
ure 1 shows the geometry of the prototype and Table 1 
presents the main parameters of the prototype. 


Fig. 1 Geometry of the Prototype. 


Table 1 Main parameters of the prototype 


Rotor of the prototype 

Tip diameter (mm) 85 
Hub ratio 0.72 
Stagger angle (°) 27.7 
Blade number 5 
Tip clearance (mm) 2 
Rated condition (kg/s) 0.01 
Fundamental frequency (Hz) 250 
Rated rotational speed (rpm) 3000 


Based on the prototype, four modified models with 
different parameters of tip end-plate are established. 
Model 1 is the geometry of 1 mm width with constant 
length of chordwise; Model 2 is the geometry of 2 mm 
width with constant length of chordwise; Model 3 is the 


geometry of 3 mm width with constant length of chord- 
wise; Model 4 is the geometry of 2 mm width with in- 
constant length of chordwise. The blades of the four 
models are shown in Figure 2. 


om 


(a) Model 1 (b) Model 2 
(c) Model 3 (d) Model 4 


Fig. 2 Blades of modified models. 


Numerical simulation 


In order to ensure the stability of the flow field, both 
of the inlet and outlet are extended. The whole flow field 
is divided into four areas: the upstream area, the rotation- 
al fluid area, the tip clearance area and the downstream 
area. The dimension of the four areas and the original 
point of coordinate are shown in Figure 3. Monitoring 
points are presented in Table 2. In the next section, the 
point F2 is analyzed as the monitoring point of noise in 
the near field, and the point F9 is analyzed as the moni- 
toring point of noise in the far field. 


Table 2 Positions of monitoring points 


Point X(mm) Y(mm) Z(mm) 
Fl 0 0 -50 
F2 0 43.9 0 
F3 0 0 50 
F4 0 0 100 
F5 0 0 200 
F6 0 0 300 
F7 0 0 400 
F8 0 0 500 
F9 0 0 1000 
Upstream 

nl A 

Z Downstream 
Outlet 3 
Y 
|__85 | 
Blade 
500 


Fig. 3 Computational domain. 
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The whole computational domain is meshed with 
structure grids. The grids of upstream area, tip clearance 
area and downstream area are the same. In order to en- 
sure the quality of grids, there is a little difference exists 
in the grids of the rotational fluid area, because the 
blades are different from the prototype and the four mod- 
ified models. The number of grids of the upstream area, 
the tip clearance area, the rotational fluid area and the 
downstream area are respectively make up 8.9%, 1.5%, 
55.2% and 34.4% of the whole grid number. The partial 
grids of the computational domain and the blade are 
shown in Figure 4. 


(a) Computational grid 


(b) Computational grid of fan rotot 


Fig. 4 Computational grids. 


The four computational areas are connected with in- 
terfaces and the grids on the interfaces are merged. In this 
paper, both the steady simulation and the unsteady simu- 
lation are adopted. In steady simulation, the boundary 
conditions of the inlet and the outlet are the mass flow 
inlet and the pressure outlet. The RNG k-e model is used 
and the SIMPLE algorithm is used to solve the coupling 
between pressure and velocity. Second order upwind dif- 
ference scheme is applied as numerical discretization 
method of governing equations. In unsteady simulation, 
the results of steady calculation are used as the initial 
field of unsteady simulation. The LES is used to calculate 
the unsteady flow field, the PISO algorithm is used to 
couple the pressure and velocity. The Ffowcs Wil- 
liams-Hawkings (FW-H) acoustic model is used to simu- 
late noise prediction after the flow field becomes stable. 
Finally, the FFT method is applied to process the sound 
pressure signals to obtain the characteristics of noise 
spectral distribution. 
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Results of noise 


The axial distribution of overall sound pressure level 
(SPL) is shown in Figure 5. It shows that: 

(1) The distribution of overall SPL for the five models 
is the same. As the axial distance increase, the overall 
SPL decreases gradually. The highest overall SPL ap- 
pears at the monitoring point F2 in the tip clearance area 
and the lowest overall SPL appears at the monitoring 
point F9 in the far field. 

(2) Model 4 expresses the best performance in reduc- 
ing noise. Compared with the prototype, the overall SPL 
for the model 4 is declined almost at all of the monitoring 
points except for the only one point F2 which is in the tip 
clearance area. At the monitoring point F9 in the far field, 
the overall SPL of model 4 is 2.4 dB lower than that of 
prototype, but 0.9 dB higher than that of prototype at the 
monitoring point F2 in the near field. 

(3) Compared with the prototype, the overall SPL of 
model 1 is higher at the monitoring point in the near field, 
and a little lower in the far field. The overall SPL of the 
model 2 and the model 3 is both higher than that of the 
prototype at all of the monitoring points, which are unde- 
sirable models to control noise. 
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Fig.5 Axial distribution of overall sound pressure. 


Model 4 has the best performance in decreasing noise, 
so model 4 is chosen to compare with the prototype, its 
static characteristics and noise characteristics are ana- 
lyzed in the next section. 


Analysis of noise in near field 


In Figure 6, the power spectral density (PSD) of mod- 
el 4 at the point F2 in tip clearance area is compared with 
that of prototype. It shows that: 

(1) The peak of the PSD appears at the fundamental 
frequency and the harmonic frequency of both the proto- 
type and the model 4. The highest value of the PSD ap- 
pears at the fundamental frequency and it declines gradu- 
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ally at the harmonic frequency. When the frequency is 
larger than 2000 Hz, the value of PSD is almost zero, it 
indicates that the noise in the near field is discrete noise. 

(2) The PSD of the model 4 is larger than that of pro- 
totype. For the PSD of the model 4, it has an intensive 
increase at the fundamental frequency. And with the in- 
creasing of frequency, the increasing degree is reduced. 
Maybe the tip end-plate is a noise source which increases 
the discrete noise in the near field, it indicates that model 
4 is not a helpful model to reduce discrete noise in the 
near field. 

Figure 7 shows the fluctuation of total pressure at 
point F2 in the tip clearance area, it shows that: 

(1) The rotor has five blades, and it appears five peaks 
and five troughs in a period. It can be seen that the fluc- 
tuation of total pressure of the five blades is not symme- 
trical, it indicates that the load on the blades is unsteady. 

(2) The fluctuation of total pressure of model 4 is a lit- 
tle larger than that of the prototype, it agrees well with 
the result of noise in the near field. 
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Fig.6 Power spectral density at point F2. 
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Fig.7 Fluctuation of total pressure at point F2. 


Analysis of noise in far field 


The A-weighted sound pressure of the prototype at the 
monitoring point F9 in the far field is compared with that 
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of model 4, which is shown in Figure 8. 

(1) The A-weighted SPL is relatively higher when the 
frequency is larger than 7500 Hz, it indicates that the 
noise in the far field is mainly broadband noise. 

(2) When the frequency is in the band of 7500 Hz~ 
15000 Hz and 17500 Hz~22500 Hz, the A-weighted SPL 
of the prototype is higher as well as that of model 4, but 
the A-weighted SPL of model 4 has a more intensive 
decline compared with that of the prototype. It indicates 
that the model 4 can reduce noise in the far field effec- 
tively. 
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Fig. 8 A-weighted sound pressure level in the far field. 


Figure 9 shows the vorticity variation in the 4th period. 


It can be concluded that: 

(1) Compared with the prototype, the vorticity on the 
surface of blade in model 4 is more likely to appear at the 
root of the blades. It indicates that adding tip end-plate 
may change the route of the moving vortex, which is 
more likely to move toward the root of the blades. 

(2) The vorticity on the surface of blades for the model 
4 is larger than that of the prototype, but the vorticity 
variation of model 4 is smaller than that of prototype. It 
indicates that, for the model 4, the aerodynamic noise 
caused by the variation of vorticity is lower than that of 
the prototype, which agrees with the noise predicted in 
the far field. 


Static characteristics 


Static characteristics results 


Figure 10 presents the P-Q curves for all of the models: 

(1) For all of the models, when the inlet mass flow is 
0.002 kg/s~0.006 kg/s, the static pressure declines rapid- 
ly as the mass flow increases; when the inlet mass flow is 
0.006 kg/s~0.01 kg/s, the static pressure increases as the 
mass flow increases, but the increasing range is limited; 
when the inlet mass flow is 0.01 kg/s~0.014 kg/s, the 
static pressure declines as the mass flow increases. 
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(2) Compared with the prototype, the static pressures 
of the four modified models decline at all of the operat- 
ing points. The static pressure of model 4 declines larger 
than that of the other three modified models. 

(3) At the design point (Q=0.01), the static pressure 
for the model 4 is 2 Pa smaller than that of the prototype. 


vorticity-mag: 10000 15000 20000 25000 30000 35000 40000 


(a) Prototype (b) Model 4 


Fig.9 Vorticity contours at different time. 


The n-Q curves are shown in Figure 11. It can be seen 
that: 
(1) As the mass flow increases, the efficiency presents 
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a trend that increases at first and decreases subsequently. 

(2) Compared with the prototype, the efficiency of 
four modified models declines, especially, the model 3 
declines the most. 

(3) At the design operating point, the efficiency of 
model 4 is 0.9% smaller than that of the prototype, while 
the efficiency of the other three modified models declines 
more. Compared with the model 4, the torques of the 
other three modified models are larger, it indicates that 
the load on the blades surface of the other three modified 
models is bigger. 
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Fig. 10 Static pressure versus flow rate (P-Q). 
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Fig. 11 Efficiency versus flow rate (n-Q). 


Analysis of Static characteristics 


Figure 12 shows the distribution of static pressure on 
pressure surface and suction surface of the prototype and 
the model 4. The high static pressure area on the pressure 
surface and the low static pressure area on the suction 
surface of blades for the model 4 are smaller than those 
of the prototype. It indicates that adding tip end-plate has 
negative influence on steady characteristics and ventila- 
tion performance of model 4. The distribution of static 
pressure agrees well with the results of the P-Q curves 
for the prototype and model 4. 
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Figure 13 shows the distribution of speed on the sec- 
tion of Z=0. In the passages of blades, the high speed 
area of model 4 is bigger than that of prototype. Leakage 
in the tip clearance area may be partly surpassed by add- 
ing tip end-plate, which increases the speed of air in the 
passages. 
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Fig. 12 Distribution of static pressure on surface of blade. 
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Fig.13 Velocity distribution on the section of Z=0. 


Experimental research 


Numerical simulation is performed to study the influ- 
ence of tip end-plate on steady characteristics and noise 
of small axial fan in the former section. To identify the 
results of numerical simulation, static characteristic ex- 
periment and noise experiment are performed in this sec- 
tion. 


Experiment on static characteristic 


Static characteristic experiment is performed in a 
small wind tunnel. The experimental device is presented 
in Figure 14. Figure 15 shows the test models. The rotor 
reaches the rotational speed of 3000 rpm by adjusting the 
input voltage. The static pressure and the torque are 
measured by the static pressure probe and the torque- 
speed sensor respectively. The difference of the pressure 
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is measured by the nozzle and the pressure probe after 
the air flows through the filter net, which is calculated to 
get the mass flow of the inlet. Auxiliary fan is used to 
adjust the mass flow to create different operating points 
for the fan. The static pressure is measured at different 
operating points and the P-Q curves are drawn as shown 
in Figure 16. 

Figure 16 presents the static pressure of experiment 
and numerical simulation for both of the prototype and 
the model 4. It can be seen that: 

(1) Both the prototype and the model 4, the result of 
experiment agrees well with that of numerical simulation, 
it indicates that the numerical simulation is reliable. 

(2) For the result of experiment or the numerical si- 
mulation, the static pressure of model 4 is lower than that 
of the prototype, it indicated that adding tip end-plate has 
negative influence on static characteristics of fan. 


(a) Prototype 


(b) Model 4 
Fig. 15 Test models. 
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Fig. 16 The P-Q curve of experiment and simulation. 
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Noise testing 


Noise testing is performed in a semi-anechoic chamber. 


The testing environment and the device of the semi- 
anechoic chamber are shown in Figure 17. The size of the 
chamber is 5 m x 4 m x 3.5 m. The background noise in 
the semi-anechoic chamber is 21.5 dB, which is meas- 
ured by hand-held sound pressure meter. 


Hand-held sound 
pressure meter 


Fig. 17 Experimental device for noise measurement. 


The A-weighted SPL on different axial points is 
measured by hand-held sound pressure meter. Figure 18 
shows the result of the measurement. The curves trend of 
the prototype and the mode 4 is the same. The A- 
weighted sound pressure of model 4 is smaller than that 
of the prototype when the axial position exceeds 100 mm, 
which agrees with the result of the numerical simulation. 
The noise at the monitoring point in tip clearance cannot 
be measured for the limit of the size of microphone. 
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Fig. 18 A-weighted SPL by experiment. 
Conclusions 


In this paper, numerical simulations and experiments 
are performed on the prototype and the modified models 
to study the influence of tip end-plate on noise of small 
axial fan. The static characteristics, internal flow field 
and the noise characteristics are analyzed. The conclu- 
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sions are summarized as follows: 

(1) Adding tip end-plate for the model 4 has positive 
influence on reducing broadband noise in the far field, 
but it’s not helpful to reducing discrete noise in the near 
field. 

(2) The mechanism of noise reduction is due to the 
decrease of vorticity variation on the surface of blades 
caused by the tip end-plate. 

(3) Compared with the prototype, the static pressure at 
design flow rate decreases by 2 Pa and the efficiency 
decreases by 0.8% for the model 4. 
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